The "Harlingen" IS6110 restriction fragment length polymorphism (RFLP) cluster has linked over 100 tuberculosis cases in The Netherlands since 1993. Four Mycobacterium tuberculosis isolates that were epidemiologically linked to this cluster had different spoligotype patterns, as well as slightly divergent IS6110 profiles, compared to the majority of the isolates. Sequencing of the direct repeat (DR) locus revealed sequence polymorphisms at the putative deletion sites. These deletion footprints provided evidence for independent deletions of the central region of the DR locus in three isolates, while the different genotype of the fourth isolate was explained by transmission. Our finding suggests that convergent deletions in the DR locus occur frequently. However, deletion footprints are not suitable to detect convergent deletions in the DR because they seem to be exceptional. Deletion footprints in the DR were not described previously, and we did not observe them in any public M. tuberculosis complex sequences. We conclude that preferential deletions in the DR loci of closely related strains are usually an unnoted event that interferes with clustering of closely related strains.
DNA-fingerprinting techniques have gained recognition as important epidemiological tools (31) for the analysis of Mycobacterium tuberculosis, the etiological agent of tuberculosis. These techniques detect DNA polymorphisms associated with repetitive or mobile genetic elements in the genome. While it is unclear if fingerprinting of repeats can be applied to infer evolutionary relationships between deep branches (4), they are generally considered to be useful in clustering of genetically closely related isolates (2, 7, 8, 27, 28) . IS6110 restriction fragment length polymorphism (RFLP) depends on transposition of the insertion sequence IS6110 in the genome of M. tuberculosis and on mutations of PvuII restriction sites (29) . Variable-number tandem-repeat (VNTR) typing (27) monitors expansion and contraction of stretches of tandem repeats. Spoligotyping is a relatively easy and fast PCR-based method with good portability between mycobacteriological laboratories that is used to detect the presence of 43 unique DNA spacer sequences (15) that are interspersed between 36-bp repeats in the direct repeat (DR) locus. This locus is a member of the bacterial clustered regularly interspaced short palindromic repeats (CRISPR), which provides acquired immunity against viruses and plasmids (13) . The DR locus is a hot spot region for integration of IS6110 insertion sequences (11, 20, 34) , and several preferential insertion sites in this genomic region have been identified (22, 34) .
IS6110 RFLP typing identified the so-called Harlingen cluster in The Netherlands, which is, with over 100 tuberculosis patients identified since 1993, one of the largest tuberculosis clusters found in the country (16, 17, 25, 26) . The initial outbreak took place in the harbor town of Harlingen, but the strain soon spread through The Netherlands. The bacterial isolates of the cluster exhibited nearly identical IS6110 RFLP patterns, and retyping by 24-locus VNTR typing did not enhance the resolution of the cluster. Four isolates from patients that were epidemiologically linked to the cluster had spoligotype patterns that were different from the main spoligotype observed in all the other strains, as well as slightly different IS6110 RFLP profiles. Therefore, we subjected the DR loci of these four isolates to DNA sequencing and compared the obtained sequences to the sequence of the DR locus of the precursor strains. These data were combined with contacttracing information, IS6110 RFLP, and single-nucleotide polymorphism (SNP) typing (25) , providing evidence for three independent convergent deletions in the DR locus.
MATERIALS AND METHODS
Contact tracing and M. tuberculosis strains. Within the framework of the national surveillance of tuberculosis, all M. tuberculosis complex strains isolated in The Netherlands were subjected to IS6110 RFLP typing from 1993 to 2009. "Clusters" were defined as groups of bacterial isolates with 100% identity of IS6110 RFLP patterns, but occasionally, isolates with slightly different IS6110 RFLP patterns were added to a cluster based on feedback from the municipal health services on confirmed epidemiological links between patients (19). Contact tracing between patients in the Harlingen outbreak was performed according to the stone-in-the-pond principle, as reported elsewhere (17, 19, 33) . The M. tuberculosis isolates used in this study were part of the Harlingen IS6110 RFLP cluster and were received at the National Institute for Public Health and the Environment (RIVM) between 1993 and 2009. DNA was isolated according to the previously published protocol (32) . Strain SH1, which was the index case of the Harlingen cluster, and strains SH5 and SH9 were subject to comparative genome sequencing and SNP identification as described in previous studies (25, 26) . The mycobacterial isolate strain Harlingen SH-A was previously described as SH71 (25) . M. tuberculosis strain H37Rv was used as a control throughout the study.
Molecular typing. Twenty-four-locus VNTR typing, IS6110 RFLP typing, and spoligotyping were carried out according to standardized methods, as described previously (15, 27, 29) . Direct repeat RFLP typing was carried out by hybridization of a membrane containing PvuII restriction fragments used for IS6110 RFLP typing with the 36-bp probe complementary to the DR locus repeats (11, 18) . DNA fingerprint patterns were analyzed using Bionumerics 6.0 (Applied Maths, Sint-Maartens-Latem, Belgium). Eight SNPs that were identified by comparative genome sequencing of M. tuberculosis strains SH1, SH5, and SH9 were used for SNP typing of the Harlingen cluster, as described previously (25) .
Analysis of the DR locus sequence. The sequence of the DR locus of the precursor strains was determined with 454 sequencing (Roche, 454 Life Sciences, Brandford, CT) and an assembly of the sequence reads using Genome Sequencer software, version 1.1.03. Contigs of the Harlingen isolate SH5 were compared by BLASTN (1) to the assembled sequences of Harlingen isolates SH1 and SH9, as described previously (26) , and to the sequence of the DR locus of reference strain H37Rv as found in the NCBI bacterial genome database. The orientations of IS6110 insertions in the DR region were determined by extracting reads that were adjacent to the IS6110 insertion sites and comparing them to the published 5Ј and 3Ј ends of the IS6110 sequence using IS Finder (http://www-is.biotoul.fr/). The DR locus in the Harlingen strain was annotated in Artemis version 12 (23) .
To determine the sequences of the central regions of the DR loci of the four Harlingen strains with differing spoligotype patterns, a PCR product was amplified using a primer specific for spacer 18 (5Ј-CAGATGGTCCGGGAGGTC-3Ј) and a primer specific for spacer 32 (5Ј-GGTCTGACGACTTGAACACG-3Ј) with a standard PCR. Subsequent sequencing was done using the same primers with standard chemistry according to the ABI protocols on an ABI3730xl sequencer (Applied Biosystems, Foster City, CA). The resulting sequences were aligned with CLUSTALW 2.0.7 (3).
The sequences of spacers 1 to 43 (spacer numbering and DNA sequences are according to van Embden et al. [30] 
RESULTS

Polymorphisms in the DR locus among Harlingen isolates.
IS6110 RFLP typing of the M. tuberculosis isolates of the Harlingen cluster resulted, in the majority of cases, in identical patterns consisting of 12 bands (represented by the isolate of the index case of the cluster, strain SH1, and that from patient H9, strain SH9, in Fig. 1) . Previously, slightly different IS6110 RFLP patterns had been added to the cluster because the respective cases had confirmed epidemiological links with patients in the cluster, as discerned by contact tracing (33) (Fig.  1) . Some isolates in the cluster had one additional IS6110 band in the RFLP pattern compared to the dominant pattern (exemplified by SH5) (Fig. 1) . Identification of the insertion site revealed a transposition of an IS6110 element in a putative gene (26) . Three isolates exhibited an IS6110 RFLP pattern with two missing bands (isolates SH-B, SH-C, and SH-D), and another isolate had an IS6110 RFLP pattern with the same two bands missing and one additional band (SH-A) (Fig. 1) .
All except four isolates of the Harlingen cluster exhibited one characteristic spoligotype pattern, i.e., the precursor spoligotype, with spacers 1 to 19, 21 to 32, and 37 to 43 present ( Fig. 1 ) (exemplified by strains SH1, SH5, and SH9). The four isolates with different spoligotype patterns were the same isolates that were missing two bands in their IS6110 RFLP patterns. Their spoligotype patterns differed from the dominant precursor spoligotype pattern by the lack of spacers 21 to 25 (isolates SH-A and SH-B) and 19 to 25 (isolates SH-C and SH-D). Three of these isolates (SH-A, SH-C, and SH-D) were isolated from patients with pulmonary disease who were treated by the standard regimen. Strain SH-B was isolated from a patient who had been noncompliant with the prophylactic treatment with isoniazid but, on outbreak of the disease, followed the standard treatment. It was unclear whether there was an association between the genotype of isolate SH-B and the noncompliance of the patient from whom the isolate was derived. RFLP typing with the DR probe of strains with the dominant Harlingen IS6110 RFLP pattern revealed that the two IS6110 copies that were missing in the four exceptional strains were located in the DR region (data not shown). This finding explains the association between the differences in IS6110 RFLP and spoligotype patterns.
Among the four strains with divergent spoligotypes, two different SNP types were observed. Strains SH-B, SH-C, and SH-D exhibited the same SNP type, which was identical to the SNP type of the isolate from the index case (SH1). Strain SH-A showed an SNP type with four polymorphic positions, identical to the SNP type of strain SH5.
Contact tracing had identified an epidemiological link between the two patients from whom strains SH-C and SH-D were isolated. Thus, the strain was presumably transmitted   FIG. 1 . Spoligotyping, IS6110 RFLP typing, and SNP typing results for six M. tuberculosis isolates of the Harlingen cluster. An epidemiological link was identified between the patients from whom strains SH-C and SH-D were isolated, but not between the patients from whom isolates SH-A and SH-B were isolated. SH1, SH9, and SH5 are Harlingen isolates that were the subjects of two earlier studies (25, 26) and are represented here for comparison. Strain SH1 was isolated from the index case of the Harlingen cluster.
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on October 17, 2017 by guest http://jcm.asm.org/ from patient H-C to patient H-D after the deletion of spacers 19 to 25 in SH-C. In contrast, contact between the patients from whom strains SH-A and SH-B were isolated was unlikely. Moreover, besides a one-band difference in the IS6110 RFLP pattern, these isolates exhibited different SNP typing patterns, as determined in a previous study (26) . A single IS6110 transposition could be suggested to explain the differing RFLP types; however, the different SNP types confirmed the absence of an epidemiological link between SH-A and SH-B (25) . Given the identical IS6110 RFLP patterns of isolates SH-C, SH-D, and SH-B, a link between these three patients could be suggested. Because isolate SH-B was much more recent than SH-C and SH-D, this would require restoration or reacquisition of spacer 19 in a predecessor of isolate SH-B in order to accomplish the more complete spoligotype pattern of SH-B in comparison to SH-C and SH-D. Thus, the combination of molecular and epidemiological data suggested three independent deletions in the DR region. The DR regions of strains with the dominant Harlingen spoligotype (the precursor spoligotype) were reconstructed by using previously obtained genome-sequencing data for Harlingen isolates SH1, SH5, and SH9 (26) . No sequence differences were identified in the partially assembled DR loci of these strains. The DR loci of these Harlingen isolates with the precursor spoligotype contained two inversely oriented IS6110 elements, one between spacers 19 and 21 and the second between spacers 24 and 25 (Fig. 2) . Spacer 20 was interrupted by one of the IS6110 elements and is therefore not visible in the spoligotype pattern. The nonamplification of a spacer because of disruption by an IS6110 element was previously observed in other M. tuberculosis isolates (9, 20, 22) .
Deletion footprints in the DR region. The sequences of the central regions of the DR loci of the four strains with exceptional spoligotype patterns were compared to the sequences of the DR loci of strains with the precursor spoligotype. The deletion of spacers 21 to 25 in isolates SH-A and SH-B and of spacers 19 to 25 in isolates SH-C and SH-D included the deletion of the two IS6110 elements from the DR loci in all four strains (Fig. 2) . However, while the PCR products amplified with primers specific for spacer 32 and spacer 18 were the same size for isolates SH-A and SH-B (both 610 bases) and also for isolates SH-C and SH-D (both 538 bases), sequencing and multiple-sequence alignment revealed that the sequences of SH-A and SH-B contained a 3-bp polymorphism at the 3Ј end of spacer 19 (Fig. 2B) . The 3 bp found in SH-A were identified as remnants of spacer 25, while the 3 bp in SH-B were those usually found at the 3Ј end of spacer 19. These sequence polymorphisms, together with the information from the other fingerprinting results, confirmed that deletion of the central region of the DR locus occurred independently in isolates SH-A, SH-B, and SH-C and represents convergent evolution. A schematic evolutionary scenario for the Harlingen strains studied here is summarized in Fig. 3 .
In order to estimate the frequency of such deletion footprints in the DR locus, we compared the complete sequences of 43 spacers of the DR locus (as published in reference 30) to the sequences of the DR loci of all M. tuberculosis complex species available in the public database. All spacers were well covered by sequences in the public database, with up to 41 hits. One entry (accession number AF504309) contained a 1-bp deletion at the 3Ј end of spacer 13, but neither the spoligotype nor the complete DR locus sequence of the respective isolate (34) revealed a deletion of the flanking regions of spacer 13. No polymorphisms at the 3Ј or 5Ј ends of the other spacers were observed in any of the other M. tuberculosis complex entries.
DISCUSSION
In this study, we describe convergent evolution of the DR locus in very closely related M. tuberculosis isolates of the Harlingen cluster. The central region of the DR, including two IS6110 elements, was deleted independently on three occasions. The spoligotype and IS6110 RFLP profiles of the affected strains were different from those of the precursor strains. On one occasion, a unique spoligotype was obtained, characterized by the deletion of spacers 19 to 25. On two occasions, an identical spoligotype was obtained with spacers 20 to 25 deleted. These two deletion events could be distinguished by a 3-bp polymorphism at the deletion site.
The occurrence of such polymorphisms (deletion footprints) in the DR region seems to be highly infrequent. The DR locus is one of the most sequenced genomic regions of the M. tuberculosis complex, with a plethora of publications. In general, virtually no interstrain variation is observed in the sequences of the spacers (24, 30) . Our own investigation of 43 spacers in the DR loci of the completed genomes of the M. tuberculosis complex species and other previously published DR sequences (7, 10, 11, 30, 34) , which contained a wide range of deletions, did not reveal any putative deletion footprints, although it is unlikely that the spacers deleted from these strains resulted from identical deletion events. We therefore suggest that potential preferential deletions in the DR loci of closely related strains will generally not be identified by sequencing of this locus. Nevertheless, combining spoligotype results with other fingerprinting methods, such as VNTR typing (27) , and methods that are independent of repeat elements, such as multilocus sequence typing (12) or typing with strain-specific SNPs that were identified by comparative whole-genome sequence analysis (25) , might identify such events.
The main mechanisms that have been suggested to cause the loss of spacers in the CRISPR loci of bacteria are deletions by homologous recombination between DRs (6, 7, 13, 14) or slippage during DNA replication (14) . In addition, the DR locus of M. tuberculosis is known as a hot spot region for IS6110 insertions (11, 20, 34) . The transposition of IS6110 elements can cause unequal interruption of the spacers, which can lead to absence of spacer hybridization (9, 20, 22, 34) . Moreover, the presence of two or more IS6110 elements in the DR locus could lead to homologous recombination of IS6110 elements (24) . Nevertheless, the preferential deletions of the central DR locus in the Harlingen strains in this study are not likely to be caused by homologous recombination of the IS6110 elements. First, the deletions include the flanking regions of both IS6110 elements, and second, the IS6110 elements present in the Harlingen DR locus were inversely oriented, which rules out RecA-mediated recombination, at least in a classical understanding (21, 24) . It is more likely that the deletions are the result of the recombination of the DR that flanks spacers 25 and 26 with the DR between spacers 19 and 18 in the precursor of strain SH-C (and spacers 20 and 19 in the precursors of SH-A and SH-B, respectively). In addition, the observed 3-bp polymorphism also points to a recombination of the DR rather than of the IS6110 elements and can be explained by an unequal recombination of the flanking 3 bp. Alternatively, the 3-bp polymorphism might be a remnant of the insertion of a third IS6110 element that generated a 3-bp duplication (5) in a putative predecessor strain. Though the deletions are probably caused by recombination of two DRs, the presence and orientations of the two IS6110 elements in the DR locus might have promoted the deletion events, possibly by enabling a secondary structure that placed the recombining DRs in close proximity to each other. The precise mechanisms remain unresolved and need further investigation.
IS6110 RFLP typing and spoligotyping methods are widely accepted as useful means to group closely related M. tuberculosis complex strains together (2, 7, 8, 31) . However, as shown for the Harlingen cluster, the occurrence of preferential deletions can result in false clustering of isolates. The specific architecture of the Harlingen DR locus, containing two IS6110 elements, probably promoted the preferential deletions observed in the three strains. If preferential deletions of spacers in the DR locus are characteristic of certain compositions of the DR locus, they would not be identified as independent events by spoligotyping or, if they include IS6110 elements, by IS6110 RFLP fingerprinting. For unambiguous clustering of closely related isolates, application of a second, independent typing method might be necessary. 
